In complex loading conditions (e.g., sliding contact), mechanical properties, such as strain hardening and initial hardness, will dictate the long-term performance of materials systems. With this in mind, the strain hardening behaviors of Cu/Nb nanoscale metallic multilayer systems were examined by performing nanoindentation tests within nanoscratch wear boxes and undeformed regions (as-deposited). Both the architecture and substrate influence were examined by utilizing three different individual layer thicknesses (2, 20, and 100 nm) and two total film thicknesses (1 and 10 lm). After nano-wear deformation, multilayer systems with thinner layers showed less volume loss as measured by laser scanning microscopy. Additionally, the hardness of the deformed regions significantly rose with respect to the as-deposited measurements, which further increased with greater wear loads. Strain hardening exponents for multilayers with thinner layers (2 and 20 nm, n % 0.018 and n % 0.022, respectively) were less than that determined for 100 nm systems (n % 0.041). These results suggest that single-dislocation-based deformation mechanisms observed for the thinner systems limit the extent of achievable strain hardening. This conclusion indicates that impacts of both architecture strengthening and strain hardening must be considered to accurately predict multilayer performance during sliding contact across varying length scales.
I. INTRODUCTION
WEAR is defined as the deformation and material loss due to sliding contact. [1] It is often cited as an issue in a variety of applications, including manufacturing, [2, 3] aerospace, [4] and orthopaedic [5] systems among others. Tribology, or the study of wear, friction, and lubrication, [6] is a complex problem and does not depend solely on initial hardness. [1] The wear behavior of a system also varies as a function of applied load, [7, 8] sliding velocity, [8, 9] and elastic properties. [9, 10] For this reason, wear response must be determined in addition to studies of static mechanical behavior. Additionally, the tribological test should be designed to mimic the conditions that could be seen for a system's real-world application. [9] In order to enhance wear resistance of a tribosystem, coatings can be applied. [11] Monolithic coatings have been used, [11] but recently multicomponent layered systems have been explored for their desirable wear characteristics. [10, 12] Nanoscale metallic multilayers (NMMs) are one specific layered system that has shown promise for use in applications that require wear-resistance. NMM systems are composed of bonded stacks of alternating metallic layers with sub-100 nm individual layer thicknesses. This small layer thickness leads to a very high density of layer interfaces, [13] which in turn imparts high hardness while retaining appreciable ductility. [14] These properties make them particularly useful as freestanding high-strength foils, [15] wear-resistant coatings, [16] and potentially microelectromechanical systems (MEMS) electrical contacts. [17] However, for such systems to become practical, particularly in terms of long-term durability, wear response and its underlying mechanisms must first be determined.
Studies have previously examined initial wear properties of NMM systems, and have highlighted their potential as deformation-resistant systems. [3, 16] When coherent and semi-coherent NMM systems have been studied under scratch [3] and wear [16] conditions, it has been observed that the NMM geometry provides superior resistance to deformation compared with their monolithic constituents. Haseeb et al. examined Cu/Ni under fretting wear conditions and observed that, although the NMM films examined had a greater coefficient of friction than the monolithic Cu counterpart, their wear resistance was superior for both 5 nm and 10 nm layered systems (contact pressure % 200 MPa), revealing wear scars that were less than half as deep when compared with Cu. [16] When using nanoscratch testing to discern the wear response of NMM Cu/Ag, Wen et al. observed plowing abrasion modes for thicker-layered systems (50 and 100 nm individual layers) with a transition to cutting abrasion for thinner, 10 nm systems (contact pressure % 33 GPa). [3] Additionally, localization of strain has been observed under normal loading for both Cu-Ni and Cu-Nb near the application of the load [18] due to the layered architecture. [19] An important consideration is that the normal loading behavior does not always correlate with sliding contact results due to the complex loading geometries involved. [1] With the high interfacial density, some researchers have hypothesized that a layered geometry under shear stress can deform similar to stack of freestanding films. [20] Specific deformation mechanisms that govern NMM systems have been hypothesized [21] and observed. [22] [23] [24] For example, layer thickness controls the available deformation mechanisms, which can be separated into three primary regimes. [25] At larger scales (t Z 75 nm), yielding is governed by a typical Hall-Petch [26, 27] type behavior. Here, dislocation pile-ups can form at layer interfaces with the yield strength as a function of the inverse square root of the layer thickness. [25, 28] A further decrease of that dimension (5 nm [ t [ 75 nm), however, reduces the available volume in which dislocation pile-ups can form. In this region, plastic deformation is governed by the confinement of single dislocations to individual layers, termed confined layer slip (CLS). [21] Further below the CLS regime (t [ 5 nm), layers become thin enough that dislocation loops associated with the CLS mechanism are no longer energetically favorable, and the stress to transmit a single dislocation across the bimetal interface determines yield stress of the composite. Under this mechanism, the strength will be independent of layer thickness until distances between adjacent interfaces are further decreased until strain fields from the interfaces overlap with those of mobile dislocations. Because of this overlap at very small layer thicknesses, the energy needed for a dislocation to cross the interface can be reduced, [25] and the strength of the NMM decreases.
Although these mechanisms have been observed, [24] it is still unclear how traditional strengthening mechanisms of three-dimensional systems (work hardening) will occur when geometrical strengthening (layer thickness) has been optimized for normal loading in NMM systems. In monolithic film systems, observed strain hardening is decreased as grain size is reduced. For example, Cordill et al. identified that electrodeposited Ni with a 1 lm grain size exhibited a strain hardening exponent of n = 0.03. [29] This value was smaller than those calculated by Allameh et al. for electrodeposited Ni with larger grain sizes (2 to 5 lm: n = 0.08, 5 to 10 lm: n = 0.13). [30] The strain hardening exponent for bulk Cu is approximately 0.35 [31] and for Nb is comparable (n % 0.2 to 0.25), [32] analogous to other bulk metals (n % 0.2 to 0.4). [33] In a previous examination of strain hardening in NMM Cu/Nb, Misra et al. determined the exponent to be 0.029 for 30 nm Cu/Nb layers. [31] Misra et al. determined this by sputter depositing various layer thicknesses of Cu/Nb and then rolling them to a final layer thickness of 30 nm to achieve varying amounts of strain and then measured their hardnesses with nanoindentation. [31] This low degree of strain hardening for Cu/Nb NMMs [31, 34] can be compared with similar tensile fracture strains in multiple studies of NMM Cu/Nb. [15, 35] From predictions of the onset of necking (e = n), [31, 36] the strain hardening approximations were confirmed. In metal-ceramic multilayer systems (e.g., Al-TiN), a high work hardening rate has been attributed to enhanced ductility that has been observed for reduced layer thicknesses. [37] The susceptibility of systems to strain hardening is controlled by both material and microstructural impacts [33] ; thus, it is necessary to examine the impact of these layer thickness deformation regimes on the hardening response of NMM systems. This study will examine the effect of wear on the structure and mechanical response of a well-characterized system under normal loading: Cu/Nb. [24, 31, [38] [39] [40] [41] [42] Due to the possibility of using NMM systems in MEMS contacts, [17] nano-wear testing was chosen. Additionally, intrinsic micro-or nanoscale sample size effects are not expected due to the role of individual layer thickness as the dominant intrinsic length scale. [25] It is hypothesized that the primary deformation mechanisms will control the extent of strain hardening that is achievable due to the nanostructures of these systems. To isolate specific deformation mechanism regimes, varying thicknesses of the NMMs (individual layer and total film thickness) were examined. Modified nanoscratch testing was utilized to create regions of mechanical wear or ''wear boxes.'' To measure the resulting mechanical response of strained NMMs, nanoindentation tests were performed inside of the wear boxes.
II. EXPERIMENTAL PROCEDURE

A. NMM Fabrication
The Cu/Nb NMM film systems for this study were fabricated by magnetron sputter deposition onto (100) Si wafers (350 to 400 lm thickness, n-type, <2 Å roughness, Wafer World Inc.) with a native surface oxide layer. Three different individual layer thicknesses were chosen (2, 20, and 100 nm layers) to highlight the transition of deformation modes between the dislocation pile-up (t Z 75 nm), the confined layer slip (5 nm [ t [ 75 nm), and the interface crossing (t [ 5 nm) regimes. [21] The NMM systems were deposited with a total film thickness of either one or ten micrometers to examine the variation between the deformation of a coating architecture and the deformation of the NMM architecture itself. The three layer thicknesses and two total thicknesses chosen yielded a total of five sample types (Table I ). There was no 2 nm layered 1 lm sample due to the constraints of the deposition systems utilized.
The 1 lm systems were deposited at Clemson University using a Kurt J. Lesker sputter deposition system under 9.5 mTorr Ar pressure, with 100 W DC for Cu and 200 W RF for Nb yielding rates of 4.0 nm/min (Cu) and 2.8 nm/min (nm/min). The 10 lm NMM systems were deposited at the Center for Integrated Nanotechnologies using an AJA International Inc. sputter deposition system under 2 mTorr Ar pressure, with 300 W DC yielding deposition rates of 36 nm/min (Cu) and 15 nm/min (Nb). All depositions were carried out at ambient temperature.
B. Initial Characterization
The film residual stress was estimated using the changes in the substrate curvature as measured before and after deposition with a Veeco Dektak 3 diamond stylus profilometer, and calculated using Stoney's equation. [43] This curvature was measured using 20 mm line scans, with seven radial measurements taken per sample both before and after deposition. Initial surface roughness (R a ) of the NMM systems was determined using tapping mode atomic force microscopy (AFM) scans on a Veeco Dimension system. Specimens for transmission electron microscopy (TEM) were prepared using a Hitachi NB-5000 focused ion beam (FIB) instrument. The lift-out foils were then characterized using a Hitachi HF-3300 S/TEM operating at 300 kV.
C. Nano-wear Deformation
Wear boxes with various degrees of plastic strain were generated in accordance with the previous work of Cordill et al. [29, 44] These wear boxes were performed using a Hysitron Triboindenter with a diamond conical tip (nominal radius: 1 lm). Each wear box was 40 lm 9 40 lm in size with 150 lm spacing between adjacent boxes. The amount of plastic strain was controlled by varying the load and number of lateral passes using the normal applied loads of 100, 500, 800, and 1200 lN, to yield Hertzian contact pressures [45] of 11, 19, 22, and 25 GPa, respectively. These loads were applied for either one or ten lateral passes. Additionally, tests with five passes were performed at 500 lN for the 1 lm samples as a moderate strain condition for examination via TEM. The scanning rate used for these experiments was 0.5 Hz yielding an effective sliding velocity of 40 lm/s. The loading conditions used (i.e., normal load, contact pressure, sliding velocity) were based on previously validated methods for examining nano-wear contact for metallic systems, [29, 44, 46] which initiated sufficient deformation for study within reasonable test lengths. In order to minimize the accumulation of material transferred to the indentation tip, an array of four 12,000 lN indentations were performed on single-crystal aluminum following each pair of tests under a single load (one and then ten passes).
D. Post-Deformation Characterization
Following wear deformation, the mechanical responses of the strained NMM systems were measured with nanoindentation via the Triboindenter system. The contact area function of a Berkovich diamond indentation probe was calibrated using fused quartz immediately prior to testing. Within the wear boxes, three-by-three arrays of indentations were performed. A 10 lm spacing was kept between indents to avoid any interaction between adjacent deformation caused by previous indentations. A partial unloading nanoindentation process was used with five individual hold segments at 1000, 2000, 3000, 4000, and 5000 lN, with a loading rate of 1000 lN/sec, and a 50 pct unloading after each hold. The use of five segments was chosen to obtain multiple hardness values as a function of depth from a single quasi-static indentation test. This use of five unloading portions per indent yielded a maximum of 45 indentation measurements for each wear condition. Following indentation testing, additional indents were performed on the NMM samples between the wear boxes to ensure that there was no overlapping wear damage and to determine the uniformity of hardness across the entire test area. After the conclusion of indentation testing, further indents of the fused quartz nanoindentation standard verified that the tip shape function remained valid throughout testing.
An Olympus LEXT OLS-4000 3D laser scanning microscope and AFM were used to assess the morphology of the wear deformation. Specifically, both microscopes were used to assess the deformed and undeformed regions of the films to determine the extent of the deformation. The Olympus system was used to determine the volume lost in each wear box, and tapping mode AFM (Veeco Dimension) was used to monitor the surface roughness (R a ) before and after wear testing.
III. RESULTS AND DISCUSSION
A. Initial Properties
The layer thickness dependence of hardness is well demonstrated for NMM geometries [25, 47, 48] and for Cu/ Nb in particular. [39, 41, 47, 49, 50] In both of the total film thicknesses examined, the hardness increased with a corresponding decrease in layer thickness (Figure 1) . [25] The hardnesses determined for the 10 lm films were lower than those for the 1 lm systems, which could be due to factors including residual stress, in-plane grain size, deposition parameter variation, and nanoindentation contact depth. Every effort was given to ensure comparable results for the initial hardness measurements; however, the increased surface roughness of the 10 lm samples necessitated deeper initial indents to limit surface effects; however, this approach could not be applied to the thinner 1 lm samples in order to avoid increased effects of the underlying silicon substrate. However, despite these variables, the overall response is well within the variation in values that have been seen elsewhere in the literature. [47, 49, 50] In addition to being able to increase hardness by controlling layer thickness, the prepared Cu/Nb films exhibited predictable initial properties (Table II) . The elastic moduli were unaffected by the layer thickness. The surface roughness of the 10 lm films was greater than the 1 lm films, which is expected as film roughness typically increases with increasing film thickness. [51] The observed residual stresses are comparable for other NMM systems [52] and range from 300 MPa in tension to 90 MPa in compression.
B. Wear Deformation
After the Cu/Nb NMM systems were worn, the volume lost was measured (Figure 2 ). Figure 2 shows the volume loss that was caused by the 800 lN 10 pass wear condition for each of the samples examined. Thinner individual layers result in less volume lost during the wear test. This loss correlates with the as-deposited hardness measured by nanoindentation, as under most conditions a harder system would be expected to deform less under wear conditions. [53] Although this trend of wear damage has been observed in both coherent (Cu/Ni, contact pressure % 200 MPa [16] ) and semi-coherent (Cu/Ag, contact pressure % 33 GPa [3] ), to the best of the authors' knowledge, these corresponding wear properties have yet to be examined for incoherent metallic systems (e.g., Cu/Nb). The extent of volume loss due to wear could be influenced by the residual stress of the NMM systems; however, further work is needed to examine possible links.
The volume loss measurements made with laser scanning microscopy were validated by measuring the change in height between the undeformed surface and the base of the wear box as determined by AFM (Figure 3 ). Positive stress values denote a tensile stress. An examination (Figure 3 ) of the boundaries of the wear boxes for varying NMM geometries revealed that the thicker-layered systems generated less loose wear debris than the thinner systems under equivalent loading conditions. These results are consistent with the earlier observations of a wear morphology transition, caused by plowing and wedging abrasion in thicker layered systems and micro-cutting abrasion seen in thinnerlayered systems (NMM Cu/Ag, contact pressure % 33 GPa). [3] The cutting abrasion mechanism is known to generate more loose wear debris, while plowing involves more plastic deformation. [1] Transitions in abrasion modes have been linked to changes in hardness of the materials in the wear system. [1] The cutting abrasion mechanism yields more loose wear debris as seen in Figure 3 . Transitions in abrasion modes have been linked to changes in hardness of the materials in the wear system. [1] However, it is noted that the identification of specific abrasion modes is often subjective in nature.
By examining the surface topography of the NMM systems within the wear box, significant changes in the roughness were observed, that were caused by the varying conditions of wear (Table III) [29, 44] However, this evolution could not be further confirmed with higher load wear tests due to limitations of the testing apparatus used. These results are consistent with previous nano-wear studies performed on monolithic metallic systems. [29, 46] Also, the initial decrease in surface roughness for lower wear loads has been previously identified for this wear method. [44] TEM lift-out samples were prepared from within the wear boxes to examine the effect of the deformation on the underlying layered structure. Results indicated that even after moderate wear conditions a minimal effect on the layered structure was observed, as shown in the cross-sectional views (Figure 4) . The layered structure has remained intact, with the extent of deformation not easily identifiable via visual inspection.
The local strain becomes apparent when the individual layer thicknesses are measured from the cross-sectional views. Note the percent of reduction of each layer in a 100 nm Cu/Nb NMM system after wearing at 500 lN and 5 passes ( Figure 5 ). It is observed that the thicknesses of the Cu layers are reduced by a greater amount than the thicknesses of the harder Nb layers (top two layer reductions: Nb: 8.0 ± 5.2 pct vs. Cu: Fig. 3 -AFM images of the edges of 800 lN-10 pass wear boxes in (a) 20 and (b) 100 nm Cu/Nb (both with 10 lm total thickness) showing the buildup of debris. Note that the thinner layered systems exhibit a larger degree of wear debris accumulation, which is consistent with the transition from the plowing abrasion to the cutting abrasion previously noted for similar systems. [3] The worn regions become smoother as the initial roughness from film deposition (tops of grains) is removed, with the subsequent evolution of the abrasion morphology that is represented by an increase in roughness at 1200 lN after 10 passes.
18.2 ± 5.0 pct). Previous studies of Cu/Nb have observed uniform thinning for both types of layers (co-deformation) under normal loading [18, 54] ; however, this non-uniform deformation has been observed for metal-ceramic systems, such as Al/SiC. [55, 56] Additionally, the strain is more evident in the layers that are the closest to the application of the load (numbered with respect to the deposition sequence with layer 10 being the last and topmost layer). Also of note is the appreciable reduction observed in all layers throughout this 1 lm film. Unfortunately, the amount of variance in the resulting data precluded the use of the current measurement method to draw conclusions about the local strain in the thinner layered systems (20 and 2 nm).
In addition to the geometric extent of deformation, TEM was also used to examine the effects of the wear on the structure. Selected area diffraction patterns (SADP) of the NMM systems show that all samples are polycrystalline with multiple orientations/textures as seen in the diffuse Debye rings ( Figure 6 ; Table IV) . When comparing the patterns taken inside of the wear boxes with their undeformed counterparts, greater non-uniformity in the Debye rings of the worn samples is observed for the 20 and 100 nm systems ( Figure 6 ). The decrease in uniformity of the Debye rings is indicative of an increase in orientation texturing caused by the deformation. A similar increase in such texturing has been observed in NMM structures that were fabricated by accumulative roll bonding (ARB), which involves repeated rolling deformation during fabrication. [57] Grain growth is also a possible cause for the change in Debye rings seen in the SADPs; however, this would require significant heating to occur (approximately 813 K and 1503 K (540°C and 1230°C) for Cu and Nb, respectively) which in air would cause substantial surface oxidation. [39] Oxidation was not observed in the conditions used (Figures 3 and 4) .
C. Mechanical Properties
Nanoindentation tests were conducted within the worn regions of the examined Cu/Nb NMM systems to determine the mechanical impacts of wear deformation. The indentation tests were performed below %150 nm to remain within the estimated plastic deformation Fig. 4 -TEM cross sections of 2 nm as-deposited NMM structure (a), beneath 500 lN-10 pass wear box for the 2 nm system (b), 20 nm as-deposited NMM structure (c), beneath 500 lN-5 pass wear box for the 20 nm system (d), 100 nm as-deposited NMM Structure (e), and beneath 500 lN-5 pass wear box for the 100 nm system (f). The inset images give a more magnified view of the near surface layers in the 2 and 20 nm layered geometries. The 2 nm system examined with TEM had a total thickness of 10 lm, the 20 and 100 nm systems examined with TEM had 1 lm total thicknesses. Although further analysis is needed to clearly elucidate the induced deformation, the layered geometry remains intact. Fig. 5 -A graph of the local layer reduction for the 100 nm Cu/Nb NMM system (1 lm total thickness) beneath a 500 lN-5 pass wear box. Measurements of both deformed and undeformed regions were used to calculate local strain, with a higher deformation observed in the softer layers (Cu). This reduction was localized to upper layers that are closer to the point of load application. Note the persistence of considerable strain throughout the entire 1 lm system. The layers are numbered with respect to deposition order, with layer 1 the base layer.
zones formed by the nano-wear testing. Indentations were also performed between the wear boxes to preclude the possibility of interaction between the plastic zones of the adjacent wear boxes. No such interaction is observed to occur, as the indentations taken between adjacent wear boxes were consistent with undeformed results (Table V) .
The Oliver-Pharr method was the primary analysis used to determine the hardness and elastic modulus for 1 lm systems. [58] Due to the elevated surface roughness and the low indentation depth needed to examine the plastic zones, the Oliver-Pharr method did not yield representative results for the 10 lm films due to an inaccurate contact area determination. [29] Instead, hardness in the 10 lm systems was determined using Joslin-Oliver analysis.
[59] The Joslin-Oliver method is well established, having been used to determine hardness inside of wear boxes, [29] to mitigate the roughness effects in nanoindentation, [59] and to correct for substrate effects on thin film systems. [60] The Joslin-Oliver hardness (H) was determined using the contact stiffness, S, the maximum load, P, and the measured reduced modulus, E * , taken from deeper quasi-static indents, which is expressed as Diffuse ring patterns shows that samples are nanocrystalline and randomly textured before deformation, changes in spacing were not observed after deformation.
This alternative approach for determining the hardness is novel in that it allows for the accommodation for surface roughness, as well for the pile-up and sink-in that is appreciable at the low indentation depths examined under instances where the reduced modulus is known. [59] It was observed for all wear conditions that an increase in wear load resulted in a corresponding increase in hardness (Figure 7 ). This increase in hardness exceeds what might be expected from the observed changes in layer thickness. Although monolithic systems No interaction was observed between the worn regions and indents taken in between wear boxes. Fig. 7 -Nanoindentation testing results detailing the hardness of NMM systems within the wear boxes under various loading conditions. The Oliver-Pharr [58] analysis was used to determine the hardness values for 1 lm systems and the Joslin-Oliver [59] analysis was used to determine the hardness in the 10 lm films in the presence of elevated surface roughness. The solid lines on the graphs indicate the undeformed film hardness; the dashed lines indicate one standard deviation on either side of the mean. examined previously showed a pronounced increase in hardness with increasing numbers of passes, [29, 44] no such results were observed for these Cu/Nb NMM systems under the conditions in which they were examined. A comparison of the hardness of samples (from 1 to 10 pass) found a consistently greater value in all 10 pass samples, while still remaining within one standard deviation in almost all cases.
It is observed that the hardnesses of thicker (100 nm) systems were impacted to a greater extent by wear than the thinner (2 and 20 nm) systems, as seen by a larger increase with respect to undeformed measurements. The hardness values for the 100 nm systems show the greatest change between undeformed and 100 lN. Indeed, this increase in hardness was so great that the hardness of the worn 100 nm Cu/Nb system samples was comparable to the 20 nm systems under similar wear conditions. Also, although the hardness of the 2 nm systems was still greater than the 20 and 100 nm systems at all conditions examined, the relative differences between the 2 nm systems and the others were decreased after wear deformation.
A comparison of the 1 and 10 lm systems yielded similar results, with the primary difference noted as varying amounts of scatter in the deformed nanoindentation results (Figure 7) . The indentations taken within the wear boxes of the 10 lm systems show greater variance than their 1 lm counterparts, likely due to elevated surface roughness and low indentation depth, despite the Joslin-Oliver analysis method. [59] Utilizing two total film thicknesses with an order of magnitude in separation did not yield distinct responses, indicating no obvious effect of the substrate under all criteria examined. While there are clear and pronounced substrate effects under certain conditions, [60, 61] for those examined in this study there is no distinct effect on the wear results of thinner and thicker films/coatings.
D. Strain Hardening
The effects of the wear deformation on the resulting hardness measurements were further examined by observing the extent of the strain hardening for the various NMM architectures in this study. The radius of the plastic zone, c, was determined using Johnson's cavity model [44, 45] :
where P is the wear load and r ys is the yield strength (approximated as r ys = H/3 by the Tabor relation [62] ). This approximation has been shown to be reasonably valid for the monolithic metals subjected to a similar nano-wear deformation technique. [44] For the nanoindentation test results that lay within the estimated plastic zone, the accompanying plastic radial strain was determined using a previously identified relationship demonstrated by Gerberich et al. [63, 64] The plastic radial strain, e r p , is approximated by
where m is the Poisson's ratio (approximated as m = 0.37 [65] ), r ys is the yield stress, E is the previously measured elastic modulus for the NMM architectures taken from the quasi-static indents, c is the radius of the plastic zone determined in Eq. [2] and r is the distance from the point of contact (indentation contact depth). This method has been previously used to examine strain hardening using similar techniques for monolithic metals. [29] The strain hardening in the plastic region of deformation was then modeled as a power law relationship where stress, r, can be approximated by
where K and n are the strain hardening constants, which depend on both material and microstructural constraints. [33] The strain hardening behavior for all Cu/ Nb NMM systems was determined in this manner, and was found to be relatively modest (Figure 8 ). For all systems examined, the strain hardening exponent (n) was determined to be less than 0.05, which for bulk metals is typically much greater (% 0.2 to 0.4). [33] This method revealed that the 100 nm layered systems experience a greater degree of strain hardening (n % 0.041) than the thinner systems (2 and 20 nm, n % 0.018 and n % 0.022, respectively). The values determined for the 20 nm systems (n % 0.026 and 0.022, for 1 and 10 lm, respectively) were also found to be comparable to those previously determined by Misra et al. for Cu/ Nb NMM systems with a layer thickness of %30 nm (0.029). [31] No discernable change was observed in the strain hardening behavior for the two total thicknesses under study (1 and 10 lm). Specifically, when the total film thickness was varied by an order of magnitude, no change in substrate effect was observed. As with the hardness measurements (Figure 7) , the 10 lm systems also exhibited a much greater data variance, which did correspond with a lower degree of fit for the regressions performed. In those particular regressions, the strain hardening models do not explain the majority of the measurement variance in those particular regressions (i.e., scatter in nanoindentation data, surface roughness effects) they nonetheless reflect similar relationships to the 1 lm systems. Likewise, the more robust testing method employed by Misra et al. for 30 nm Cu/Nb also resulted in similar strain hardening exponents. [31] The regression parameters from the 10 lm systems were then used to further illustrate the impact of individual layer thicknesses. A comparison of this strain hardening behavior modeled in Figure 8 shown together in Figure 9 clearly shows that as the plastic strain approaches unity, the 100 nm system reaches the level of the 20 nm system. Strain hardening, however, is inadequate for bridging the gap between the thicker (20 and 100 nm) and the thinnest (2 nm) system. These results clearly emphasize one important finding: when considering the implications of the single-dislocation-based strengthening mechanisms [21] lower strain hardening exponents of thinner systems (2 and 20 nm) may be expected. In larger layers, where dislocation pile-ups are forming, this additional dislocation density can greatly influence the plastic behavior, which in turn is observed as appreciable strain hardening. In systems where plastic deformation is governed by motion of individual dislocations, it is no surprise that the achievable strain hardening is reduced (2 and 20 nm systems). It can be seen that in certain samples (100 vs. 20 nm) the hardness resulting from the wear deformation is more substantial than the layer thickness of the initial architecture; and in the thinnest system (2 vs. 20 and 100 nm) this is not observed. Previous, work by Rupert and Schuh demonstrated an increase in hardening for nanocrystalline materials as grain size is reduced, [66] which lead to a breakdown of Archard's scaling relationship. [67] However, this breakdown was not observed within the context of the present study for the wear of Cu/Nb NMMs, as the observed strain hardening decreases with decreasing characteristic length.
E. Deformation Zone Size Approximation
The size of the deformation zone was approximated using Johnson's cavity model, [44, 45] as shown in Eq. [2] Fig. 8-Mechanical response of deformed Cu/Nb NMMs from nanoindentation tests within the wear boxes. To illustrate the low rates of strain hardening for these NMM systems, Eq. [3] was used to approximate the strain and Tabor's relation was used to approximate the flow stress. The 100 nm systems showed more strain hardening than the thinner systems (20 and 2 nm individual layers). Fig. 9 -A comparison of the strain hardening relationships determined for 10 lm Cu/Nb NMM architectures with 2, 20, and 100 nm thick layers. At strains of %1, the higher strain hardening exponent increases the stress of the 100 nm system to that similar to the 20 nm system.
Previously this approximation has been validated for this type of wear contact in single-crystal Ni. [44] Using this method, it is approximated that the deformation zones with extend further beyond the point of contact than the diamond wear counterface will touch. Due to the size of the total width of the wear box (40 lm) and the scanning resolution (256 lines/scan), it is approximated that each adjacent scan within a single pass will be %156 nm apart. Using the Johnson cavity model to estimate plastic zone size, and a numerical method developed by Field and Swain to estimate elastic-plastic contact depth, [68] the total plastic zone half-width was predicted for various contacts at 100 lN (Tip Diameter: 1 lm) as shown in Table VI . It is noted that the Field and Swain method [68] to estimate elastic-plastic contact depth give an overestimation for higher loads (>1000 lN) when compared with quasi-static indents using the 1 lm conical tip used in this study, so this method only serves as a first-order approximation.
From Table VI , it is seen that there is variation in the plastic zone half-width (252 nm for 2 nm À 10 lm Cu/ Nb vs. 289 nm for 100 nm À 10 lm). However, these values are well above the spacing between adjacent scans of 156 nm, indicating that the plastic zone associated with a single scan will interact with at least the two adjacent scans on either side (four total). The variation in between predictions for the different layer thicknesses does not greatly decrease this interaction. This shows that for all systems there is a large degree of overlap and uniformity in the strain fields beneath the wear boxes, which is further illustrated in Figure 10 .
The approximations of plastic zone size with respect to applied load have been validated with respect to plastic zone depth in the case of single-crystal Ni by FIB and TEM in the work of Cordill et al. [44] However, these approximations do not account for friction between the indentation tip and the sample, [69] or the layered architecture, [29, 70] and neglect the effect of grain boundaries. [44] This method only serves as a first-order approximation, but does show how the estimation of strain is limited in its application for these conditions.
IV. CONCLUSIONS
In this study, modified nanoscratch testing was used to induce deformation in NMM architectures, which was further examined with nanoindentation. Wear properties and strain hardening of the NMM systems were observed. The strain hardening exponents of the multilayer architectures were observed to correlate with the individual layer thickness, with the thicker systems (100 nm) showing a greater value (n = 0.041) than the 2 and 20 nm layered systems (0.018 and 0.022, respectively). Our observations are consistent with the theorized deformation mechanisms which transition from bulk phenomena (dislocation pile-up [28] ) above %75 nm to single-dislocation-based mechanisms below this threshold. [21] This variation in strain hardening goes to show that the initial wear deformation observed will do much to equalize the hardness of the systems that was initially controlled by the systems' architecture (layer thickness). Minimal effect was seen for the two overall film thicknesses examined, indicating that substrate effects were not a factor for the conditions observed.
Of the two film thicknesses examined, the wear properties were controlled by the layer thickness, with thinner-layered systems experiencing less volume loss due to wear and deformation. This wear deformation [45] and Field and Swain's elastic-plastic contact depth simulation. [66] Fig. 10-Predicted development of contact width (a) and deformation zones (b) for applied wear loads during contact of Cu/Nb NMM with 1 lm conical diamond tip highlighting overlap of adjacent wear scans.
was also observed to cause an increase in the texturing of the grains within the layers as shown by electron diffraction. Texture evolution of NMM Cu/Nb has also been previously observed after repeated straining during the ARB process, [57] which has also been used to fabricate Cu/Nb NMM systems. Further understanding of the deformation mechanisms and their implications in the long-term performance of these nanostructured systems must be clarified before they can be successfully implemented in practical applications.
